We fabricated bit-patterned media (BPM) at densities as high as 3.3 Tbit/in 2 using a process consisting of high-resolution electron-beam lithography followed directly by magnetic film deposition. By avoiding pattern transfer processes such as etching and liftoff that inherently reduce pattern fidelity, the resolution of the final pattern was kept close to that of the lithographic step. Magnetic force microscopy (MFM) showed magnetic isolation of the patterned bits at 1.9 Tbit/in 2 , which was close to the resolution limit of the MFM. The method presented will enable studies on magnetic bits packed at ultra-high densities, and can be combined with other scalable patterning methods such as templated self-assembly and nanoimprint lithography for high-volume manufacturing.
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As the hard disk drive (HDD) industry continues to increase the recording densities in future products, new methods for miniaturizing the magnetic bit are required. Current HDDs rely on advanced sputter deposition of alloys (e.g. Co, Cr, Pt) onto disk platters resulting in granular media, which consists of weakly-coupled magnetic grains ∼7-9 nm in size. Areal recording densities of ∼0.5 Tbit/in 2 are achieved where a single bit of information is stored over an area consisting of tens of these grains. To pack even more bits per unit area, one can logically either reduce the number of grains per bit, or the grain size. However, the lower limit for the number of grains per bit is set by the signal-to-noise-ratio requirements for data retrieval. On the other hand, the superparamagnetic limit [1] dictates the minimum grain size below which thermal instability of the magnetization state occurs. Hence, it is predicted that the areal recording density in granular media will not extend beyond ∼1-1.5 Tbit/in 2 [2, 3] .
In contrast, bit-patterned media (BPM) [1, [3] [4] [5] [6] [7] [8] holds promise for areal recording densities in excess of 1.5 Tbit/in 2 . In BPM, signal-to-noise ratio is significantly improved by lithographically patterning ordered arrays of magnetic bits.
Thus, a single switchable volume per bit is sufficient for data retrieval, with each bit comfortably far from the superparamagnetic limit. Recent BPM efforts have demonstrated areal recording densities comparable to state-of-the-art granular media [9] [10] [11] . However, as the lithographic patterning of magnetic bits incurs significant cost, demonstrations of BPM with areal recording densities greatly surpassing that of granular media is currently needed in viability studies of high-density BPM to meet future commercial HDD requirements.
To demonstrate BPM beyond ∼1.5 Tbit/in 2 , highresolution lithography [12, 13] and processing methods are required. Although top-down and self-assembly approaches are available that readily demonstrate pattern resolutions with ∼10 Tdot/in 2 [12, [14] [15] [16] [17] , current fabrication methods rely on pattern-transfer mechanisms such as etching and/or liftoff that degrade the resolution of the original pattern. Advances in etching techniques [18, 19] have shown promise in alleviating some of the problems with pattern transfer. However, preserving the resolution of the original patterns remains a fundamental challenge in achieving the highest possible bit densities [20] .
In this paper, we present a process that achieves highdensity patterned bits without needing to pattern transfer, hence reducing the number of steps from the initial pattern definition to media formation. This process as shown in figure 1 (a) consists of (1) electron-beam lithography, followed by (2) Co/Pd multilayer film deposition. In contrast to prior work where magnetic films were deposited onto substrates that were pre-patterned by etching [9, 11, 20] , we instead avoided etching steps to achieve higher-density BPM. The final structures are magnetically isolated bits on nanoposts of SiO x resist. Although electron-beam lithography was used to demonstrate the high-resolution capability of this process, this approach can also be applied to other methods of pattern formation that are both high-resolution and scalable to large areas, such as guided self-assembly [17, 21, 22] and nanoimprint lithography [23, 24] . This approach allows the number of processing steps to be reduced, hence lowering the cost of disk media fabrication while providing a means to higher areal recording densities.
Hydrogen silsesquioxane (HSQ) resist in combination with the salty-development method was used in the highresolution electron-beam lithography process [12, 25] . Details of this process can also be found in the supporting information (available at stacks.iop.org/Nano/22/385301/mmedia). Unlike organic resists, electron-beam-exposed HSQ results in a thermally and mechanically robust, and chemically stable (non-stoichiometric) silicon oxide (SiO x ), which is a durable and suitable material for incorporation into HDD platters. 2 ), and 11 nm (6.2 Tdot/in 2 ). The resolution of the lithography was high, with clearly defined sub-10 nm dots. However, the quality of the nanostructures decreased rapidly with increasing density, suggesting that we were operating close to the resolution limit of the tool/process. Note also the slight deviation of the dots from perfect lattice positions, especially in figures 1(c) and (d), that we attribute to noise during the exposure (waviness of horizontal rows), and capillary-force-induced cohesion [26] of posts during resist development (clustering of two or three posts). Hence, in the fabrication of magnetic bits, we limited our patterning density to 15 nm pitch (3.3 Tdot/in 2 ), to maintain adequate pattern quality.
Magnetic material was then deposited onto the resist topography to achieve magnetic bits with perpendicular anisotropy.
Highly exchange-coupled Co/Pd or Co/Pt multilayer systems are ideal candidates for BPM applications due to their high perpendicular anisotropy and controllable magnetic properties [8, 9] . The perpendicular magnetic multilayer films with the structure [Co (0.3 nm)/Pd (0.9 nm)] 8 with an underlayer of Ta (5 nm)/Pd (3 nm) and a protection layer of Pd (3 nm) were deposited using dc-magnetron sputtering at room temperature. The magnetic properties of the continuous films were characterized by polar magneto-optic Kerr effect (MOKE) measurements with an external magnetic field applied normal to the sample. The continuous films were found to exhibit square hysteresis loops (indicative of highly-perpendicular magnetic anisotropy and strong exchange coupling) with a coercivity of below 1 kOe. The total thickness of this multilayer film structure was ∼21 nm. More details on magnetic film deposition can be found in the supporting information (available at stacks.iop.org/Nano/22/ 385301/mmedia).
SEM images of the patterned dots after media deposition are shown in figures 1(e) and (f) for dot pitches (densities) of 20 nm (1.9 Tbit/in 2 ) and 15 nm (3.3 Tbit/in 2 ). The magnetic bits were well defined and physically isolated. The visible gaps between adjacent bits were <5 nm, with a small fraction of bits that were physically connected. Though we see a higher fraction of interconnected bits at 3.3 Tbit/in 2 , the majority of the bits were clearly isolated and well defined even at this density. As we show below, bits that are physically connected by thin magnetic links do remain magnetically isolated. Therefore, the patterned bits at 3.3 Tbit/in 2 are expected to be individually addressable, though direct evidence cannot be obtained due to limitations in existing characterization tools.
Due to the angled nature of the sputter deposition, the inter-shadowing effect of the nanoposts was expected to affect the profile, and the amount of magnetic material between of the magnetic bits. This effect was more clearly observed for structures at lower densities, as observed in the tiltedview SEM images in figures 2(a)-(d). It is clear, from the SEM images in figures 2(a) and (b) , that prior to deposition the SiO x nanoposts at pitches of 35 and 70 nm (both on the same substrate) were well isolated and uniform in shape and size. After media deposition the resulting bits were larger due to the coating of magnetic material on the structures, as shown in figures 2(c) and (d). The inter-shadowing of bits during the deposition was manifested in the taller and narrower profiles of the 35 nm-pitch bits compared to the 70 nm-pitch bits. Inter-shadowing hence suggests that more densely-packed bits would have less inter-bit magnetic material (i.e. magnetic material on the sidewall and substrate) than sparsely-packed bits. Another positive result of intershadowing was that the magnetic bits exhibited size uniformity independent of the initial HSQ nanopost sizes, as discussed in the supporting information (available at stacks.iop.org/Nano/ 22/385301/mmedia).
A transmission electron microscope (TEM) crosssectional view of 30 nm-pitch magnetic bits is shown in figure 2(e) (see supporting information available at stacks.iop.org/Nano/22/385301/mmedia for details on sample preparation). The near-vertical sidewalls of the SiO x nanoposts were evident in this TEM image, with magnetic-material deposition on all surfaces. Upon closer inspection, we see that the magnetic material was thickest on top of the posts, thinner on the substrate, and thinnest on the sidewalls. Although the magnetic bits on the posts were physically connected, they remarkably remained magnetically isolated and perhaps only weakly linked by the thin inter-bit magnetic material, similar to the results in [9] . Importantly, as densely-patterned bits will have less inter-bit magnetic material compared to sparselypatterned bits, we expect and will show in the following that densely-packed bits (i.e. at 1.9 Tbit/in 2 ) do exhibit magnetic isolation. The effect of the inter-bit magnetic material on the performance of BPM will be the topic for future work.
To observe that the magnetic bits were magnetically isolated, independently magnetizable, and therefore have data storage capability, we performed magnetic force microscopy (MFM) after applying a uniform external magnetic field. As the bit density and coercivity of our patterned arrays were higher than those of commercial granular media, read/write tests using commercially-available HDD heads were not feasible. Nonetheless, with the following procedure, evidence of data storage potential can be obtained, as is commonly done [27] . Prior to MFM imaging, the samples were saturated by applying an ex situ large out-of-plane negative saturation field of ∼20 kOe. Uniform ex situ positive magnetic fields were then applied at set values and subsequently reduced to zero, thus leaving the patterned bits in their remanent states. MFM images of the remanent states were sequentially taken at different positive switching fields until all bits were magnetically reversed. Due to the finite switching field distribution in such systems, we were able to observe the switching of individual bits, indicative of magnetic isolation among the bits. More details of the MFM measurements of single bit-island reversal of patterned magnetic islands in BPM can be found in the supporting information (available at stacks.iop.org/Nano/22/385301/mmedia) and have also been described previously for lower-density bits [27] [28] [29] .
The results from MFM characterization are shown in figure 3 for 35 nm-pitch bits corresponding to an areal recording density of 0.6 Tbit/in 2 . Figures 3(a) and (b) show SEM and AFM images of the patterned array from which the series of representative MFM images in figure 3(c) were taken at different switching fields. At 35 nm pitch, the MFM resolution was sufficient to resolve individually switching bits, as can be seen in the five easy-switching bits that appear as bright spots in figure 3(c)(i). As these bits showed switching behavior that was independent of their neighboring bits, we expect that they would be individually switchable as well in a read/write experiment with an appropriate head. The normalized remanent magnetization (M r ) was calculated from the MFMs by counting the number of switched (bright) bits divided by the total number of bits in the array. Repeating the procedure with increasing switching fields (H ) resulted in the M r -H plot in figure 3(d) . In contrast to coupled magnetic bits that exhibit a step increase in M r , we observed instead a gradual increase with increasing H , which was a good indication of magnetically-isolated bits with a spread/distribution in switching fields. The mean coercivity of this array of bits was ∼8.5 kOe, while the switching field distribution (SFD) was ∼2 kOe. The increase in coercivity of patterned bits over that of an unpatterned film (<1000 Oe) was expected due to the different switching mechanisms in the continuous films (domain wall propagation) and the single-domain dots (StonerWohlfarth-like switching) [10, 11] .
Magnetic isolation of bits at 20 nm pitch (1.9 Tbit/in 2 density) is demonstrated next using a series of high-resolution MFM images in figure 4 . The ability to resolve the magnetic bits at 20 nm pitch puts the resolution of our MFM capabilities at ∼10 nm half pitch, which is comparable to the best MFM resolution reported [30, 31] . SEM images of the patterned bits with regular bit sizes of ∼15 nm are shown in figure 4(a) . The MFM images shown in figures 4(b) and (c) were taken at remanence after uniform switching fields of 13 550 Oe and 13 600 Oe respectively were applied. Each circular dark spot corresponds to a single unswitched bit. The features within the dashed rectangle in figure 4 (b) are two unswitched bits closely spaced with a center-to-center distance of ∼35 nm as represented schematically in the inset. With the small step of 50 Oe in applied field, three bits were observed to switch, as indicated by the arrows. The simultaneous switching of these bits due to a uniformly-applied switching field suggested that they each had similar coercivities and were magnetically isolated from their surrounding bits. If the bits were instead not isolated but magnetically coupled, large clusters of adjacent bits would be observed to switch together. However, repeated measurements at small steps in switching fields showed similar switching of other individual bits, with no clustering of bits.
For further evidence of magnetic isolation between neighboring bits, we repeated the experiments, concentrating on only a small number of bits, as shown in figure 4(d) . Figure 4(d) is an enlarged view of the top portion of the MFM in figure 4(b) next to a schematic of the corresponding configuration of bits (blue = switched bits, red and black = unswitched bits). The experiment was repeated by reverse saturating the bits and reapplying gradually-increasing fields in the positive direction (figures 4(e)(i)-(iii)). The red dots in the schematic indicate the unswitched bits that are common between figures 4(d) and (e). The configurations of unswitched bits (black dots) in figures 4(d) and (e) are otherwise different in repeated experiments due to the small differences in switching fields (13 500 Oe in (d) and 13 650 Oe in (e)), and the non-deterministic nature of the switching of bits in a uniform applied field, as has been previously observed [29] . On close inspection, we see that the circled bits in figures 4(d) and (e)(i) form a pair of direct neighbors that swapped their switching sequence when the experiment was repeated, i.e. the left bit switched earlier than the right bit in the first experiment, and this sequence was reversed in the repeat experiment. This result provides further evidence that individual bits can be switched independently of their neighbors, which is essential for data storage. Going from figures 4(e)(ii) and (iii) we again observe the switching of one bit without affecting its direct neighbor.
Finally, although we were unable to resolve individual bits at 3.3 Tbit/in 2 areal density due to the limitations of MFM, we did observe the random distribution of switched bits, which appeared as bright and dark patches when the bits were partially demagnetized (interconnected bits would have had a homogeneous appearance instead). This observation, in addition to the appearance of physical isolation of bits in figure 1(f), suggests that magnetically isolated bits may have been achieved at 3.3 Tbit/in 2 density. Further investigations using higher-resolution MFM tips, techniques, and/or systems are needed to verify the individual switchability of the bits at this density. In summary, we described a high-resolution fabrication process for patterning magnetic bits without the need for etching or liftoff. By depositing Co/Pd multilayers directly onto resist structures, we demonstrated that magnetic bits could be fabricated up to a density of 3.3 Tbit/in 2 . We expect to achieve even higher bit densities by reducing the thickness of the magnetic layer and optimizing the deposition conditions. The concept we describe here is well suited for investigating BPM at the highest possible densities, and could also find use in large-scale manufacturing if the electron-beam lithography step was replaced by (or combined with) scalable self-assembly processes.
